We investigated characteristics of the corrosion of stainless steel specimens by bacteria and the effects of using antimicrobial coating on the surface for inhibiting corrosion. Bacillus sp. 2-A and Staphylococcus sp. 2-I cells adhered tightly to a stainless steel SUS304 specimen, formed a microcolony or biofilm, and had highly corrosive activities. Microbially influenced corrosion (MC) was observed under or around adhering cells. However, dead cells were markedly less active than viable cells not only in corroding the specimen but also in adhering to its surface. The culture supernatant was not able to induce the corrosion of SUS304 effectively. A protamine coating on the specimen killed bacterial cells only on its surface , interfered with cell adhesion, and inhibited MC. From these results, adhesion of viable cells to the surface of a SUS304 specimen led to the outbreak of MC. Protamine was also found to be an effective substance tested for protecting the specimen from both cell adhesion and surface MC. We suggest that a protamine coating can be applied as a convenient and inexpensive corrosion prevention method.
INTRODUCTION
Stainless steel, such as SUS304, containing more than 12% chromium, is generally known as a corrosion-resistant metal alloy and is used in diverse applications. On its surface, a stable chromium oxide layer (generally Cr203, passive layer) is formed and provides protection against the outbreak and aggravation of corrosion. However, if this layer is destroyed under oxygen-deficient conditions, the stainless steel is exposed to the corrosive process (Ibars et al. 1992) . Actually, the stainless steel used in the environment is often corroded and the corrosion represents a great loss to industries. The STX21 project in Japan reported that the cost of corrosion loss was 3.9-5.3 trillion yen per year in the industry in 1997 (Committee on Cost of Corrosion in Japan, http:// www.nims.go.jp/corrosion/Corrosion _Cost.htm).
In the United States of America, it has been reported that the total direct cost of corrosion to industries and the government was estimated to be $276 billion per year in the period from 1999 to 2001 (Koch et al., 2001) . Therefore, it is crucial to develop methods to prevent corrosion and an understanding of the mechanism (s) of corrosion.
Features of stainless steel corrosion observed most frequently are pitting and cracking. Most corrosion is observed around the boundary of grains in which the chromium content is lower than in other areas. These areas are thought to be susceptible to a corrosive attack. Many investigators have suggested that manganese sulfide inclusion plays a critical role in stainless steel corrosion (Eklund 1974; Wranglen 1974) . Ryan et al.(2002) reported that the existence of manganese sulfide inclusion was observed at or adjacent to pitting corrosion, where chromium was depleted. However, Meng et al.(2003) suggested that chromium-depleted zones were not found in stainless steel specimens.
Microbially influenced corrosion (MC) is one type of metal corrosion in the environment and is estimated to account for 10 to 20% of all corrosion incidents in the environment (Flemming 1996) . It has become known that many kinds of bacteria, such as sulfate-reducing, iron-oxidizing, and hydrogenproducing bacteria, are involved in MC (Geesey et al., 2000) . In the most common case, biofilm formation on the metal surface is observed in the area of corrosion (Lee and Newman 2003) . The biofilm is supposed to separate the interior area from the outer area and to maintain an oxygen-deficient interior area. Furthermore, bacterial cells, forming a biofilm or captured in a biofilm, concentrate their metabolites in the interior area. It is suggested that the different environments in these areas on the metal surface maintain and strengthen electrochemical actions, which promote metal corrosion. In the case of sulfate reducing bacteria (SRB), a biofilm is also formed on the metal surface. Because of the oxygen depletion in SRB biofilm, hydrogen, as an electron donor, plays a key role in the development of the corrosive state; sulfur compounds are reduced by SRB with the production of sulfides such as iron sulfide (the classical cathodic depolarization theory). It is thought that ferrous ions are continuously supplied from the metal surface by dissolving and corrosion (Hamilton 1998) . However, it is still unclear what triggers the action in MC and how the passive layer is destroyed.
To protect against or control MC, several methods have been proposed (Ibars et al., 1992) . Biocides, their mixtures, and biodispersants were originally candidates for protecting against MC. These treatments of the metal surface were effective at the laboratory level, but not at the practical level, because a large volume of biocide would be dispersed into the environment continuously, which could produce ecological problems. A second method involves covering stainless steel with antimicrobial plating such as copper and silver. Such antimicrobial stainless steels have been commercialized in Japan. This method is effective in preventing MC, but the cost is relatively high and it is hard to apply the method to existing equipment. The cathodic protection method has been applied to some pipelines, but causes them to become fragile because of the hydrogen found in ferritic stainless steel (Ibars et al., 1992) . Recently, T. K. Wood and his colleagues have reported that bacilli biofilms inhibited metal corrosion caused by SRB (Jayaraman et al., 1999a and 1999b; Ornek et al., 2002) . This method seems to be useful if the bacilli biofilms are controlled. Five strains were isolated from corrosion sites by Japanese companies and one of them, Staphylococcus saprophyticus 2-I, was used as a highly active strain for MC. Another strain, Bacillus cereus 2-A, was used as a highly adherent strain to the stainless steel surface. Escherichia coll. OW6 (Kitagawa et al. 2000) and Bacillus subtilis 168 (Burkhold, and Giles 1947) , which had been stocked in our laboratory, were used as control strains.
Bacterial cells, stocked on a nutrient broth (NB) plate containing 8 g NB medium (Becton, Dickinson and Company, NJ) and 15 g agar per liter, were cultivated in 5 ml NB medium at 30°C for 18 h and were used for the corrosion test. M9 medium containing 0.2% glucose was also used as a nutrient poor medium (Kitagawa et al., 2000) . 
ers were Staphylococcus sp., Aureobacterium sp., and Arthrobacter sp. (Kikuchi et al., 1997) . The MC activities of these strains were investigated by cultivation in NB broth with SUS304 stainless steel specimens for 30 d and compared with those of E OW6 and B. subtilis 168. After cultivation, SUS304 specimens were observed with a SEM (FIG. 1 and  data not shown) .
Interestingly, pitting corrosions were observed in all stainless specimens tested except for control specimens cultivated without bacterial cells, although the incidences of pitting corrosion with E. coli OW6 and B. subtilis 168 cells were markedly lower than those with other strains tested. One Bacillus sp., designated as strain 2-A, induced corro- sions more broadly on the surface of SUS304 than all other strains tested (FIG. 1) . Staphylococcus sp., designated as strain 2-I, had the highest adhering activity and induced the largest amount of pitting corrosion over 30 d. Strains 2-A and 2-l were used in this research as described below. Partial 16S rDNA sequences of strains 2-A and 2-l (corresponding to the 28-516 region of the 16S rDNA sequence in E coli) were determined by using a PCR method. The partial 16S rDNA sequences of strains 2-A (AB244026) and 2-l (AB244025) were 99.6% identitical to that of B. cereus ATCC14579 (GenBank accession number AE017013) and 98.8% identitical to that of S. saprophyticus (GenBank accession number Z26902), respectively.
Adherence of bacterial cells on the SUS304 surface
It has been observed that MC commonly began with bacterial cells adhering to the surface of a metal or metal alloy (Ibars et al. 1992) . In this study, cells of the 2-A and 2-l strains adhering to the surface of SUS304 specimens were observed after the corrosion test (FIG. 2) . The SUS304 surface was partially covered with cells. Biofilms and microcolonies were also observed. Few of these adhering cells were removed by the water wash. From SEM observations, no clear relationship between the areas of corrosion and cells adhering was found (data not shown).
To confirm the positional relationship between corrosion areas and cell-adhering sites, SUS304 specimens with a pit as a mark were used for corrosion test with strain 2-I. A large area of corrosion was observed to be partially covered with microcolonies (and biofilm) (FIG. 3) . Some small pitting corrosion was observed in places not covered by cells. This result suggests that the adherence of some cells to the surface of a SUS304 specimen is very weak or is not the direct cause of MC.
Effect of the cell cultivation method, dead cells, and the culture supernatant on MC Bacterial biofilm is generally observed under a nutrient-sufficient conditions and it has also become known that biofilm formation is influenced by the nutrient conditions under which the cells are grown (Pratt and Kolter 1998) . It has been demonstrated that the quorum sensing system, which detects bacterial cell density, is involved in biofilm formation (Kjelleberg and Molin, 2002) . Therefore, corrosion tests were conducted with M9 medium containing glucose (poor nutrient condition) and NB medium (rich nutrient condition). However, the difference in the effect of the media on the corrosion area and cell- (1) (2) FIG. 2. Cell adherence to the SUS304 specimen after the corrosion test for 30 days. Strains 2-A(1) and 2-1(2) were cultivated in NB medium with SUS304 specimens. Specimens were washed with MilIQ water and analyzed with SEM. The white bar represents 10,u m. ET AL.
(1)
FIG. 3. Microbially influenced corrosion and cell adherence with strain 2-l cultivated in NB medium for 30 days. After the corrosion test, the stainless steel specimen was washed with MilliQ water and observed with SEM (1). Thereafter, the specimen was polished in SDS solution with a cotton swab and observed with SEM, again (2). The areas covered with cells and the corrosion areas are indicated with red and green colors, respectively. (1) Protamine treatment decreased the corrosion area (TABLE 1) . Adherent cells were also decreased by this treatment (TABLE 2) . Lysozyme treatment suppressed the cell adherence to the specimen at a high concentration. It was surprising that BSA treatment suppressed the MC. CTAB treatment did not decrease the corrosion area and the number of adhering cells markedly, compared with non-treatment tests (TABLEs 1 and 2) . The effects of antimicrobial agents on cell viability were confirmed by using a cell staining kit for cells adhering to a surface of SUS304 specimens. After the corrosion test for 30 d, cells adhering to all test specimens were almost dead, but cell adhesion areas were reduced by the protamine coating (data not shown). A 30-d cultivation seemed too long to measure the cell viability on the SUS304 specimen surface. Therefore, cell viabilities after the 1-hour test were estimated (FIG. 5) . Cells adhering to the protamine-coated surface were almost all dead. Cells adhering to the lysozyme-and CTAB-coated surfaces were also almost all dead. BSA did not cause cell death. No difference in the numbers of living cells in different culture supernatants, in which non-coated specimens and antimicrobial agent-coated specimens were applied, was observed. This result indicated that antimicrobial coating on SUS304 specimens were hardly dissolved in the culture supernatant and were active only on the metal surface. These results indicate that protamine is an inhibitor candidate for use in MC prevention without large influences on the microbial ecosystem when it is coated on to the metal surface. particular activity of the cell is involved in the corrosion activity, but its activity is unclear yet. As far as we know, It has been reported that sulfate reducing bacteria (SRB), sulfur-oxidizing bacteria, ironoxidizing/reducing bacteria, manganese-oxidizing bacteria, and bacteria secreting organic acids and exopolymers or slime are involved in MC (Ibars et al., 1992) . Generally, the mechanism of corrosion by SRB is most frequently reported, and sulfate reduction activity and hydrogenase are suggested to be involved in the mechanism (Hamilton, 1998) . SRB biofilm and iron sulfide play roles in creating oxygen deficiency and cathode accelerators, respectively. With iron respiring bacteria, a biofilm is observed on the corrosion site. Aerobic iron respiring bacterium biofilms utilize oxygen, and the gradient of oxygen appears on the metal surface, producing an electron flow from Fe (0) to oxygen. This electron flow depolarizes and corrodes metal alloy. Bacterial isolates in this study were aerobic bacteria and neither SRB nor iron respiring bacteria, although they formed biofilms on the surface of stainless steel. It is proposed that biofilm formation and viable cell-adherence to the surface result in stainless steel corrosion and may transform sites only in and around cells adhering on the SUS304 surface to an anaerobic environment from an aerobic one.
DISCUSSION
Although a biofilm is observed at the MC area in many cases, some investigators have reported that biofilm formation inhibits metal corrosion (Jayaraman et al. 1999a and 1999b; Ornek et al., 2002) . One possibility has been proposed that oxygen depletion by low corrosion activity bacteria inhibits high corrosion activity bacterial growth on the metal surface. Furthermore, it is reported that biofilms producing antimicrobial agents effectively inhibit corrosion (Jayaraman et al., 19991D) . The biofilm formation by iron-respiring bacteria is reported to demonstrate inhibitory (Dubiel et al., 2002) and inductive effects on MC (Bagge et al., 2002) . Actually, it was observed in this study that MCs did not occur only under a biofilm or a microcolony, but dead cells and the culture supernatant had slight corrosion activities. From these observations, it was suggested that metal corrosion could be suppressed if bacterial cells involved in the corrosion outbreak were not able to form a biofilm on the surface of the metal alloy. Actually, it was indicated in this study that the protamine coating killed cells on the stainless steel surface and led to the inhibition of MC and cell adherence.
Three antimicrobial agents, protamine, lysozyme, and CTAB, were evaluated in the prevention of MC of stainless steel. Protamine and lysozyme are proteins that adsorb easily to stainless steel, whereas CTAB and protamine are polycations that inactivate the cell viability. In this study, protamine was effective in the prevention of MC and the cell adherence, although all antimicrobial agents tested had antimicrobial action against adherent cells, but not against planktonic cells. It is unclear why only protamine effectively prevents MC and cell adherence. The amount of an agent adsorbed to the metal surface and its antimicrobial potential may be involved in the protection from corrosion. It is also interesting why their action is only on adherent cells. The results may indicate that excess amounts of the agent are not necessary and that this method is safe for the environment.
In this study, we challenged a 30-d MC formation by protamine coating. In doing so, we also demonstrated that it was difficult to keep cells on the metal surface alive in NB broth, although planktonic cells were not killed. It may be hard to apply this information to the natural environment and therefore similar tests are needed in the natural environment. It is also necessary to estimate how and how much protamine absorbs to a metal surface. Although several prevention methods for MC have been proposed to date (Ibars et al., 1992) , it is proposed that protamine is cost-effective, broadly applicable to all equipment, and easily manipulated.
